Introduction
Obesity poses a serious health problem in the Western societies due to the higher risk for related disorders such as type 2 diabetes, coronary heart disease (CHD), hypertension, osteoarthritis, and certain cancers (1) . A significant genetic component has been documented in the etiology of obesity (refs. 2, 3, 4 ; reviewed in ref. 5) . Cases of obesity with a monogenic origin are rare (reviewed in ref. 6 ), whereas common forms of obesity are most likely caused by multiple genetic and environmental factors, and their interactions.
In Finland, as well as in other Western societies, obesity has become more prevalent during the last three decades (7, 8) . Currently, more than 20% of the Finnish population has a BMI greater than 30 kg/m 2 and can thus be considered obese (9) . The Finnish population is a suitable study sample for detecting candidate genes for obesity due to the high prevalence of this disorder and the relative genetic and environmental homogeneity of the population (10) .
A locus on chromosome Xq24 was linked to obesity with a maximum likelihood score (MLS) of 3.1 in our previous genome-wide scan of Finnish obese nuclear families (11) . This X-chromosome locus may be of particular interest when searching for genes predisposing to obesity, because obesity and related phenotypes, such as fat distribution, fat percentage, and leptin levels, appear to be influenced by gender (12, 13) . Furthermore, quantitative genetic modeling of twin data from monozygotic, same-sex dizygotic (DZ) and opposite-sex DZ pairs indicates that sex-specific genetic influences on BMI are seen in adolescent and young adult population-based twin samples, in addition to genetic factors common to both sexes (14, 15) .
None of the other reported genome scans of obesity have revealed a significant linkage to Xq24. However, two separate studies of obesity detected suggestive linkage in this region with lod scores of 1.4 (16) and 2.0 (17) . It is worth noting that most genome scans related to obesity have used quantitative traits and did not include the sex chromosomes in their analysis, with the exception of two studies (18, 19) . The reason for excluding X-chromosome scan data may be the lack of computer programs for such analyses (20) . Interestingly, however, Monaghan et al. reported a woman with Prader-Willi-like syndrome, which features obesity as one of its major symptoms, carrying an Xq23-25 duplication (21) .
In this study, we investigated the Xq22-24 region by first haplotyping microsatellite markers and single nucleotide polymorphisms (SNPs) in candidate genes in obese Finnish siblings. After identifying initial evidence for shared haplotypes in a 4-Mb region, we tested SNPs and microsatellites in the region in an initial case-control sample. We found significant evidence of association between obesity and the solute carrier family 6 member 14 (SLC6A14) gene (P = 0.0002). Importantly, an independent replication sample of 837 cases and 968 controls from Sweden and Finland also showed differences in allele frequencies between obese and non-obese individuals (P = 0.003). This is the first report to our knowledge implicating SLC6A14 in obesity.
Methods
Study samples. The study sample consisted of 218 obese sibling pairs (sibpairs) (BMI ≥ 30 kg/m 2 ) from 184 Finnish nuclear families. Of these, 193 sibpairs from 166 families participated in our previous genome scan for obesity (11) . In addition, to increase the power to identify an association, we included 25 additional Finnish obese sibpairs (BMI ≥ 30 kg/m 2 ) from families ascertained for familial combined hyperlipidemia (FCHL) or low serum HDL levels in the analysis of the stage 2 markers (for definition of stages 1 and 2, see Results). The origin of and the diagnostic criteria for these families have been described earlier (22, 23) . These Finnish FCHL and HDL families showed suggestive evidence of linkage with this same X-chromosomal region, with a lod score of 1.5 (23) .
For the initial association study, one obese male from each of the 184 original nuclear families, where available, was selected as a case (n = 117). A group of unrelated normal-weight Finnish men (n = 182) were selected as controls based on their BMI of 27 kg/m 2 or less and age of 40 years or more (Table 1 ).
An independent replication sample of 837 cases (416 females and 421 males) and 968 controls (381 females and 587 males) was collected from Finland and Sweden to test the associated SLC6A14 variants for association (Table 1) . In detail, 568 obese Finnish cases were recruited from obesity clinics in Helsinki (n = 207), from the National FINRISK97 cohort in Finland (n = 200) (24) , and from the Botnia study (n = 161) (25, 26) . In addition, a total of 269 Swedish obese subjects were recruited from the obesity clinic in Malmö, Sweden. All the obese subjects from the obesity clinics in Finland and Sweden had a BMI values of 30 kg/m 2 or more and had undergone bariatric surgery or participated in a weight reduction program to treat their obesity. These patients had contacted the obesity clinic on their own initiative and when first contacting the clinic, the patients had BMI values of 40 kg/m 2 or more. The obese cases selected from the National FIN-RISK97 cohort had BMI values of 35 kg/m 2 or more. (Table 1) . Of the 49 new SLC6A14 variants identified in the sequencing analysis, 5 were tested for linkage disequilibrium (LD) and association in 113 of the original male cases of the initial association study and in 67 additional extremely obese males from the obesity clinics in Finland (total n = 180). For these analyses, 180 male controls (BMI ≤ 25 kg/m 2 ) were selected from the National FIN-RISK97 cohort (24) . These 180 controls were part of the Finnish replication study sample (see above).
The study protocols were approved by the ethics committees of the participating centers, and each study subject gave a written informed consent.
SNP and marker selection. Microsatellite markers and SNPs were selected in a region spanning 15 Mb on chromosome X (Figure 1a ) that has previously been linked to obesity in this same study sample (11) . Public (National Center for Biotechnology Information [NCBI]; http://www.ncbi.nlm.nih.gov) and commercial (Celera Genomics; http://www.celera.com) databases were used to find polymorphisms in the following genes: insulin receptor substrate 4 (IRS4), fatty-acid-CoA ligase, longchain 4 (FACL4), transient receptor potential cation channel, subfamily C, member 5 (TRPC5), angiomotin (AMOT), angiotensin receptor 2 (AGTR2), solute carrier family 6 member 14 (SLC6A14), solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), member 5 (SLC25A5), NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 1, 7.5kDa (NDUFA1), 5-hydroxytryptamine (serotonin) receptor 2C (HTR2C), solute carrier family 25 (mitochondrial carrier, brain), member 14 (SLC25A14) and fibroblast growth factor 13 (FGF13). These genes were selected based on their potential functional significance or physical position. The physical order of the markers and genes was determined according to the NCBI and Celera Genomics databases.
The SNPs (two to four per gene) were chosen primarily in coding regions and in genomic regions conserved between human and mouse. Comparisons of the genomic sequences (gene ± 10 kb) between these two species were performed using the Pipmaker program (27) . We also aimed to cover the genes with evenly spaced SNPs, avoiding gaps larger than 20 kb within a gene. First, samples from eight control individuals of Finnish origin were sequenced to confirm the selected SNPs. Thus, in cases where no heterozygotes were detected among these eight individuals, the particular SNP was discarded. In addition, when adjacent SNPs were in complete LD in the eight individuals, only one was selected for further studies. The complete list of markers and SNPs genotyped in this study is presented on our website (http://www.ktl.fi/mols/obe), and the novel SNPs characterized in this study will be submitted to public databases (NCBI).
Genotyping. Microsatellite markers were genotyped using the ABI Prism 3700 DNA Analyzer and were analyzed with the Genotyper 3.7 software (Applied Biosystems Inc., Foster City, California, USA) as described earlier (11) . A pyrosequencing technique was applied for the SNP genotyping using the PSQ96 instrument and the SNP Reagent kit (Pyrosequencing AB, Uppsala, Sweden) (28) in stages 1 and 2 (for definition of these stages, see Results), as well as in the initial association study. The SNPs of the large replication sample as well as the five additional SNPs were genotyped using homogenous Mass Extension reaction on the Mass Array System (Sequenom, San Diego, California, USA), as specified by manufacturer's instructions.
Sequencing of the SLC6A14 gene. We sequenced the entire SLC6A14 gene, 800 bp of its putative promoter, and 2 kb downstream from the 3′ end of SLC6A14 (including an adjacent predicted gene, LOC203413) in 20 obese male individuals (for selection criteria of the obese individuals, see Results). Sequencing was performed according to the BigDye Terminator Cycle Sequencing protocol (Applied Biosystems Inc.), with minor modifications, and the samples were separated with the automated DNA sequencer ABI 377XL (Applied Biosystems Inc.). Sequence contigs were assembled through use of Sequencher software (Gene Codes Corp., Ann Arbor, Michigan, USA).
Statistical analysis. To test the microsatellite markers and SNPs for linkage, we used a nonparametric affect- ed sibpair approach using the MAPMAKER/SIBS 2.0 program (29) . This method of analysis estimates the proportion of allele sharing on the X chromosome in three kinds of sibpairs separately: male-male, malefemale and female-female. For X-chromosome markers, the MLS has only one degree of freedom, because one can only evaluate identity-by-descent (IBD) of chromosomes inherited from the mother's side. Thus, an affected sibpair can share either 0 or 1 allele IBD. The option "all pairs weighted" was chosen to obtain information also from families having more than two obese siblings. Marker allele frequencies were estimated from all individuals using the DOWNFREQ program (30) . Haplotypes were constructed using the GENEHUNTER program, version 1.3 (31) , for the male sibpairs and for male case and control subjects. Haplotyping of X-chromosome markers in males is unambiguous, since males are hemizygous for the X chromosome.
LD between the marker genotypes was tested using the Genepop v3.1b program, option 2 (http://wbiomed.curtin.edu.au/genepop). In this program, one test of association is performed for genotypic LD, and the null hypothesis is that genotypes at one locus are independent from genotypes at the other locus. Then the program creates contingency tables for all pairs of loci and conducts Fisher's exact test for each two-by-two table. In men, the phase information is complete on the X chromosome, and the haploid data could be used reliably to test for LD using this Genepop program.
The DISLAMB program version 2.1 was used to test for association; that is, differences in the distributions of allele frequencies of SNPs and SNP haplotypes between cases and controls (32) . A χ 2 test was applied for the diallelic markers, and a likelihood ratio test was used for multiallelic markers.
In the replication study sample, one overall analysis of males and females of Swedish and Finnish origin was performed to test for association with obesity with the multilocus genotypes of the two X-linked SNPs (SNP2 and SNP3), using the option 12 of the Mendel program (33) .
In this analysis, empiric P values were calculated by permuting the case and control labels within the categories of Swedish males, Swedish females, Finnish males, and Finnish females simultaneously, and combining the data for each permutation to establish a distribution of possible genotypes for cases and controls.
Results
Genotyping the Xq24 markers. We had earlier linked a 15-Mb region on chromosome Xq24 to obesity in a genomewide scan of Finnish obese nuclear families (11) . Here we investigated the region by genotyping additional microsatellite markers and SNPs for regional candidate genes to test them for linkage and association. Our aim was not to cover all the genes located in the 15-Mb region, but to target relevant functional candidate genes for obesity. In addition to the regional markers, we tested two compelling candidate genes, SLC25A14 and FGF13, located 9.1 and 17 Mb, respectively, from the linked region.
In stage 1, we genotyped 36 SNPs and nine microsatellite markers in 100 obese sibpairs and available parents in a 15-Mb region between the IRS4 and HTR2c genes, and in the SLC25A14 and FGF13 genes. The complete linkage data are given at our website (www.ktl.fi/ mols/obe). We observed two interesting findings in these analyses. First, most of the allele sharing among obese siblings occurred over an 8-Mb region between marker DXS6804 and the HTR2C gene. Second, we found that the obese male sibpairs contributed most to the linkage signal in this region (Table 2) .
In stage 2, the genotyping was further extended to 118 additional sibpairs for the nine multiallelic markers and 17 SNPs in the AGTR2, SLC6A14, SLC25A5, NDUFA1, and HTR2C genes located in the 8-Mb region where most of the allele sharing occurred in stage 1. Results from the combined analysis of the stage 1 and stage 2 study samples provided some evidence for linkage to this region, but did not narrow down the region (Table 2) .
Haplotyping. Because most of the linkage evidence for the SNPs and markers in the Xq22-24 region emerged from obese male sibpairs, we analyzed haplotypes of all male sibpairs in the study to investigate whether any were shared by the obese male sibpairs. We detected three putative shared haplotypes in the SLC6A14 gene. A total of 16 families out of 26 shared the same 303A-20649C-22510G haplotype of the SLC6A14 SNPs, three families shared the 303A-20649T-22510C haplotype and two families shared the 303T-20649C-22510G haplotype ( Figure 2 ). These shared haplotypes of the SLC6A14 gene partially extended to the neighboring markers (DXS8053 and DXS8081) and genes (AGTR2, SLC25A5 and NDUFA1). Interestingly, two families shared a 3-Mb haplotype from marker DXS8053 to the NDUFA1 gene, and three families shared a 1-Mb haplotype from the AGTR2 gene to marker DXS8081 (Figure 2 ). There was also a shared haplotype (-2328C-(-)935C-2028C-3169A) within the SLC25A5 gene, located 1.1 Mb from the SLC6A14 gene (the minus sign before the nucleotide indicates that the SNP is located 5′ from the transcription starting site). This haplotype was detected in 14 families, but it was only partially shared among the SLC6A14 303A-20649C-22510G haplotype carriers (Figure 2) . In summary, the haplotype data suggested sharing within the SLC6A14 gene, although it was not specific to this gene. Subsequently, we selected 11 informative SNPs for the SLC6A14 gene and for its two neighboring genes (AGTR2 and SLC25A5) and also genotyped three microsatellite markers (DXS8081, DXS8053 and DXS8064) located in this region for an association analysis.
Initial association study. The obese nuclear families of this study are not optimal for a family-based association analysis, since parental genotype information is often missing. To search for association with a more powerful approach, we used a case-control sample in the region showing initial evidence of shared haplotypes. Three SNPs of the SLC6A14 gene were genotyped in an initial case-control study sample of 182 independent controls and 117 obese males (the first obese male genotyped from each of the families). We only included males in this initial case-control study, as the initial linkage evidence was mostly derived from malemale pairs and the evidence for haplotypes was detected in males. In these analyses, the observed allele frequencies differed significantly between cases and controls, producing a P value of 0.0002 for the SNP3 located in the 3′-untranslated region (3′-UTR) (22510C/G) of the SLC6A14 gene (allele frequencies of 0.70 versus 0.46 for cases versus controls for SNP3 G allele; Table 3 ). Suggestive evidence for association (P = 0.07) was also detected for the SNP2 in intron 12 (20649C/T) of the SLC6A14 gene (0.72 versus 0.61 for cases versus controls for SNP2 C allele; Table 3 ). Interestingly, the more frequent allele of both SNPs was associated with obesity. When these two intragenic SNPs were combined into haplotypes, the difference in allele frequencies remained significant (P = 0.0007), as it did when all three SNPs of the SLC6A14 gene were combined (P = 0.006; Table 3 ). The obesity-associated haplotype alleles (20649C-22510G and 303A-20649C-22510G) were also the major alleles in the study sample (frequencies of 0.70 and 0.52 for cases and 0.46 and 0.33 for controls, respectively).
Because haplotype sharing was not specific to the SLC6A14 gene (Figure 2 ), we also genotyped eight SNPs in the neighboring genes, AGTR2 and SLC25A5, as well as three microsatellite markers, DXS8088, DXS8081, and DXS8064. The allele frequencies for the SNPs in the AGTR2 and SLC25A5 genes did not differ between male cases (n = 117) and male controls (n = 67) ( Table  4) . No additional controls were genotyped. The allele frequencies of marker DXS8081, located in the vicinity of the SLC6A14 gene, showed a small difference between cases and controls (P = 0.05) ( Table 4) , supporting the evidence obtained regarding SLC6A14 in the association analysis.
Replication study. The obesity-associated SNP2 and SNP3 were genotyped in an independent replication sample of 837 cases (416 females and 421 males) and 968 controls (381 females and 587 males) from Finland and Sweden. Again, significant differences in allele frequencies were detected for SNP3 between the two groups (P = 0.003), with the C allele being more common among obese subjects (allele frequencies of 0.49 in cases and 0.43 in controls; Table 5 ). For SNP2, the T allele was more frequent in cases than in controls, but the difference was not statistically significant (0.38 versus 0.35 for cases versus controls for T allele; P = 0.08). Furthermore, in one overall analysis of multilocus genotypes of both tested X-linked SNPs (SNP2 and SNP3) in males and females of Swedish and Finnish origin, association with obesity was observed (P < 0.05). This analysis was performed using option 12 of the Mendel program (33) . These analyses indicate that among all the possible genotype distributions, the probability of observing one more associated than the one seen for these data is 5%. This association may result from the individual contributions of the four ethnic-gender combinations. Importantly, this overall analysis provides power to detect associations that may not be identified in the smaller groups (Table 1) . Thus, combined analysis of both SNPs also provided evidence for association in the replication study sample. When the SNPs were investigated separately in both sexes, the females were found to contribute most to the observed association (P = 0.006) for SNP3, with allele frequencies of 0.48 in cases (n = 416) and 0.41 in controls (n = 381) for the C allele. This difference was present in both Finnish and Swedish females (P = 0.08 and 0.03, respectively). For SNP2, the difference in allele frequencies was not significant for females and males separately.
Because of the X-inactivation in females, we analyzed the females homozygous for either of the alleles in SNP2 and SNP3 separately. For SNP3, CC-genotype carriers were more prevalent in the obese group (P = 0.009), and a marginal difference was detected in the Swedish females alone (P = 0.10 and 0.04 for Finnish and Swedish, respectively). No significant difference was detected for SNP2. To see if the haplotype might be acting in a recessive fashion, we tested whether the proportion of females homozygous for the SNP2 and SNP3 (i.e., genotype combinations of SNP2CC-SNP3CC, SNP2CC-SNP3GG, SNP2TT-SNP3GG, and SNP2TT-SNP3CC) was significantly different in the case and control groups. No difference was observed.
SLC6A14 gene variants. The entire SLC6A14 gene, 800 bp of its putative promoter, and 2 kb downstream from the 3′ end of SLC6A14 (including an adjacent predicted gene, LOC203413; GenBank accession number XM_117548) were sequenced in 20 obese male individuals. These obese males were selected from the families sharing the allele with another obese male sibling at the Xq24 locus as follows: 17 of the individuals sequenced for the region shared the obesity-associated haplotype for SNP2 and SNP3 in the SLC6A14 gene, and 3 individuals shared the allele more prevalent among the lean controls. Our sequence analysis of the SLC6A14 gene and its putative 5′ promoter revealed 49 variants in addition to the three SNPs genotyped earlier ( Table 6 ). Two of the variants resided in the putative promoter; two, in the coding region; four, in the 3′-UTR; and 41, in the intronic regions. None of the variants changed an amino acid. In the predicted gene LOC203413, we found one SNP in the 3′-UTR of the gene and an insertion of four bases in intron 1 (Table 6 ). Thus a total of 54 variants were identified for the SLC6A14 region, including the three SNPs genotyped earlier, and 30 of these variants were novel, not found in the public (NCBI, LocusLink) or commercial (Celera) SNP databases previously (Table 6 ). A total of 23 of 30 novel variants were seen only in the group of obese males sharing the obesity-associated haplotype for SNP2 and SNP3 in the SLC6A14 gene. Five of the variants (-715C/G and -298A/G in the putative SLC6A14 promoter, 3401C/T in intron 2, 23041C/T and 24447A/G in exon 14) were tested for association in a subset of obese (n = 180) and lean (n = 180) Finnish males (see Methods). The allele frequencies for SNP 23041C/T in exon 14 differed between cases and controls (0.70 versus 0.80 for the C allele; P = 0.05) ( Table 7 ). This variant is located 530 bp downstream from SNP3. No differences were observed for the remaining four SNPs (Table 7) . LD structure in the SLC6A14 region. LD across the SLC6A14 locus was investigated separately in men and women because the haplotypes can be unequivocally identified on male X chromosomes. In men, the two SNPs (SNP2 and SNP3) that showed evidence for association with obesity, as well as the five additional SNPs that were also tested for association (Table 7) , were tested for LD in a subset of obese (n = 180) and lean (n = 180) Finnish males (see Methods). SNP2 and SNP3 were in tight but not complete LD (P < 0.00001). Both of these SNPs were also in LD with the two SNPs in exon 14 (P < 0.00001). All four SNPs are located within a 4-kb region ( Table 6 ). The LD decreases with the three SNPs in the putative promoter and in intron 2 (P > 0.003), located 17-21 kb from SNP2 (Table 6 ). In addition, microsatellites DXS8081 and DXS8064, which were the closest markers (0.5 Mb and 1.4 Mb) to the SNPs in exon 14 of SLC6A14, were tested for LD in the original sample set of 117 male cases and 67 male controls. DXS8081 was found to be in weak LD with SNP2 and SNP3 (P values of 0.004-0.01) and also showed some evidence for association (P = 0.05). No evidence for LD or association was detected with marker DXS8064. To summarize the results of the LD analyses in men, the strongest LD was found between the SNPs in the 3′ end of the SLC6A14 gene. There was no difference between the male cases and controls in the extent of LD.
In the 416 female cases and 381 female controls of the replication sample, the two SNPs (SNP2 and SNP3) were also found to be in tight but not complete LD (P < 0.00001). The genotype analysis also showed that combinations of the SNP2CT-SNP3GG (2 females) and SNP2TT-SNP3GG (0 females) genotypes are almost completely missing, suggesting that SNP2T does usually not occur on the same chromosomal DNA strand with SNP3G.
Discussion
In the present study, we investigated a region on chromosome Xq22-24 that we had previously linked to obesity in Finnish obese nuclear families (11) . We have now restricted the linked region from 15 Mb to 4 Mb with linkage and haplotype analyses. Furthermore, we detected significant associations between obesity and SNPs in exon 14 and intron 12 (P = 0.0002 and 0.07) and SNP haplotypes (P = 0.0007 and 0.006) of the SLC6A14 gene in an initial case-control sample. Importantly, an independent replication sample of 837 cases and 968 controls from Finland and Sweden also showed differences in allele frequencies for SNP3 between cases and controls (P = 0.003), and furthermore, a combined analysis of SNP2 and SNP3 provided evidence for association (P < 0.05) in this replication sample. This is the first report to our knowledge implying that the SLC6A14 gene (also known as Na-and Cldependent neutral and cationic amino acid transporter B 0+ ) could be associated with obesity and body weight regulation. The SLC6A14 gene presents a novel candidate gene for obesity based on its location as well as its function. It encodes a Na-and Cl-dependent membrane protein that transports neutral and cationic amino acids across the plasma membrane (34) . Certain amino acid derivatives are essential in appetite regulation. For example, serotonin (5-hydroxytryptamine), that is a neurotransmitter increasing satiety, is synthesized from tryptophan. The rate of serotonin synthesis depends on tryptophan availability in relation to the large neutral amino acids (LNAAs) (35) , because tryptophan competes with other amino acids for uptake across the blood-brain barrier (36) . Thus, factors affecting amino acid absorption from the intestinal tract or transportation across the plasma membranes into the target cell could potentially affect the tryptophan availability for serotonin synthesis, and further the appetite control. It has been shown that SLC6A14 has a high affinity to tryptophan as well as to some other neutral and cationic amino acids (34) . Interestingly, Roca et al. reported a lower tryptophan/LNAA ratio in subjects with high BMI, and this difference was more pronounced in men than in women (37) . In addition, both tryptophan hydroxylase, which is a rate-limiting enzyme in serotonin synthesis, and SLC6A14 are expressed in the pituitary gland.
Gender-specific differences in the prevalence of severe obesity (BMI > 35 kg/m 2 ) are well established. Females are more often affected than males in Finland (38) . Even more pronounced are the differences between men and women in obesity-related features such as fat percentage and fat distribution, which are influenced by hormonal factors such as sex steroids and leptin, or differences in fatty acid oxidation and metabolism (12, 13) . However, the variants of an X-chromosome gene predisposing to obesity may also be involved in the development of these gender-specific differences, as implied by twin data (14, 15) . In this study, we utilized the strategy of haplotype mapping and identified a candidate region from which we selected a denser set of SNPs that were genotyped to search for association. A similar approach was previously successful in mapping susceptibility loci for complex disorders such as inflammatory bowel disease (39, 40) . Previously, we found evidence for linkage between obesity and the region on Xq24 with a single-point MLS of 3.1 with marker DXS6804 (11) located 2.3 Mb from the region showing evidence for association in this study. However, when the study sample was extended and the microsatellite markers were reanalyzed with newer technology using the ABI Prism 3700 
The SNPs showing initial evidence of association (Table 3 ) are indicated in bold. A minus sign before the nucleotide indicates that the SNP is located 5′ from the transcription starting site. ID, identifier.
capillary instrument instead of the gel-based ABI 377XL automated DNA sequencer used in the previous study, the highest single-point MLS of 2.3 was obtained with the SNP1 in the AGTR2 gene located 0.33 Mb from the associated region. The linkage signal on chromosome X emerged largely from the obese male sibpairs (Table 2) , which led us to hypothesize that they would provide the best sample for the haplotype analysis. Additionally, since males are hemizygous for X-chromosomes, no bias is introduced to male haplotypes because of missing parental genotype information. Analyses revealed shared haplotypes around the SLC6A14 gene. We tested three SNPs of the SLC6A14 gene for association in an initial case-control study sample. These three SNPs are located in intron 1 (303A/T = SNP1), in intron 12 (20649C/T = SNP2), and in the noncoding region of exon 14 (22510C/G = SNP3) ( Table 6 ). The last two SNPs in the 3′-end of the SLC6A14 gene (SNP2 and SNP3) were associated with obesity, as was the SNP haplotype of this gene ( Table  3 ). The obesity-associated haplotype was also the most frequent haplotype in the study sample (frequencies of 0.52 in cases versus 0.33 in controls, respectively). Next, the two SNPs of the SLC6A14 gene showing evidence of association in the initial association analysis were further tested for association in an independent replication sample of 837 cases and 968 controls from Finland and Sweden, including both females and males. Again significant differences in allele frequencies were observed with SNP3 (P = 0.003) ( Table 7) . We also observed that the obesity-associated allele in the replication study was opposite to the one identified in the initial study (Tables 3 and 5 ). This may reflect the different haplotype background of the two study populations. It is also possible that the actual causative variant(s) are in LD with the associated variants detected here. Although both Finnish study samples (the original and replication) were collected mostly from the southern part of Finland, the birthplaces of the mothers in the initial study were clustered in the eastern parts of Finland, in the Savo and Karelia regions. The replication sample with its relatively large number of individuals is probably not as regionally biased and represents the general population. Furthermore, the association in the replication study emerged mainly from women. This may reflect two things. On the one hand, the size of the replication study sample should have enabled us to detect differences of this magnitude in allele frequencies (Table 5 ). On the other hand, our original study sample may not have provided enough power to detect evidence of linkage and shared haplotypes especially in females, because of its small size (184 nuclear families with 80 female sibpairs) and small amount of parental genotype data (n = 59) available, whereas in males the haploid X-chromosomal data easily provided this crucial information. It is also possible that some unknown gender-specific factors as well as random X-inactivation affect the results, thus partially explaining these allelic differences.
Based on the current data, we cannot confirm whether the associated variants in the SLC6A14 gene actually predispose to obesity or if the functional variants are in LD with these and located in some other genes close to the SLC6A14 gene, although it is unlikely that the LD would reach very far from the variants studied here, especially in the large replication study sample. Our results are promising, as the association was replicated in an independent study sample. We also sequenced the entire SLC6A14 gene and the adjacent predicted gene, LOC203413. Although a total of 54 variants were identified (Table 6) , none of the variants has an obvious effect on the protein function (i.e., amino acid exchange or truncated product). Thus, none of the SNPs represents an obvious causative variant such as a nonsense or missense mutation, suggesting that they may instead serve as other regulatory or splicing elements for the SLC6A14 gene or be in LD with an unidentified coding variant of a gene located nearby. Future studies in other obesity samples, preferably linked to this region, are warranted to address the question of the causative variant(s) and could be undertaken prior to functional studies. Other populations could further help restrict the region due to their possibly different underlying LD structure and also because functional studies of noncoding variants are very challenging and should be restricted to a minimum number of SNPs. Furthermore, it is possible that the predisposing variant in the promoter, untranslated region, or intron has a small but significant effect for example on the transcription rate. The predisposing allele could also represent a combination of different variants. However, these effects are difficult to tackle without thorough association studies in several populations.
Interestingly, a recent genome-wide scan for CHD in Finns revealed a significant evidence for linkage to this same region on Xq23-26, with a two-point lod score of 3.5 (41) . Furthermore, the results of that study suggested an initial association with marker DXS8053 (P = 0.007), located in the immediate vicinity of the SLC6A14 gene (30 kb). Since overweight predisposes to CHD, and CHD patients are often obese, it is tempting Table 7 Results of the association analysis of the five additional SLC6A14 variants. to hypothesize that allelic variants of the same gene may predispose to both traits.
